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We have measured both the current-voltage (ISD-VGS) and capacitance-voltage (C-VGS) characteristics of
a MoS2 − LiNbO3 field effect transistor. From the measured capacitance we calculate the electron surface
density and show that its gate voltage dependence follows the theoretical prediction resulting from the two-
dimensional free electron model. This model allows us to fit the measured ISD-VGS characteristics over the
entire range of VGS. Combining this experimental result with the measured current-voltage characteristics,
we determine the field effect mobility as a function of gate voltage. We show that for our device this improved
combined approach yields significantly smaller values (more than a factor of 4) of the electron mobility than
the conventional analysis of the current-voltage characteristics only.
After the rise of graphene1–3, a wide range of two-
dimensional (2D) materials4 shifted into focus of funda-
mental and applied research5. One particularly impor-
tant class of 2D materials are transition metal dichalco-
genides (TMDs)6. One important representative TMD
is molybdenum disulfide, MoS2, whose indirect band gap
changes to a direct one when its thickness is reduced
to one single monolayer7,8. The resulting high optical
activity and sizable bandgap of ∼ 1.9 eV make this ma-
terial ideally suited for optoelectronic applications9 and,
thus the optical and electronic properties of MoS2 and
related materials have been investigated intensively in
the last years10. In particular, field effect transistors
(FETs) and logical circuit prototypes have been devised
and realized11–13. In such devices, source and drain con-
tacts are patterned onto the TMD film, and the charge
carrier density is controlled by gate contacts. For FET
devices, the transport mobility of the charge carriers
in the conducting channel is of paramount importance.
Here, different approaches exist to derive this key figure
for FET devices. The most commonly applied method is
to measure the source-drain current ISD as a function of
the gate voltage VGS. Then, the field effect mobility µFE
is determined from a tangent to the linear region of the
ISD(VGS)-dependence using the following formula known
from FET theory:
µFE =
∂ISD
∂VGS
· A
C(VGS)
· L
w
· 1
VSD
. (1)
Here, C(VGS)/A is the capacitance per unit area, VSD
the source-drain voltage, ∂ISD∂VGS the slope of the linear
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region, L the length and w the width of the conducting
channel. The intersection of the tangent with the
abscissa represents the threshold voltage, VTh. However,
this simple FET formula (1) assumes that the mobility
is independent of the gate voltage. Moreover, the under-
lying parallel-plate capacitor model used to quantify the
capacitance11,14 assumes perfectly conducting, infinitely
large plates. These assumptions may represent an
oversimplification for 2D semiconductors15,16. To quan-
tify the capacitance more precisely, Radisavljevic and
coworkers17 followed an indirect approach: the capaci-
tance was determined from the carrier density obtained
from Hall effect measurements and used in equation (1).
This helps getting more reliable capacitance values than
the ones from the parallel-plate capacitor formula, but
the gate voltage dependence was not investigated.
In this Letter, we present an easy to implement
approach to determine the carrier density and carrier
mobility of a MoS2 − LiNbO3 FET as a function of VGS.
For this purpose we combine standard ISD − VGS with
C − VGS. The latter probes the carrier system at the
chemical potential and allows us to directly derive the
carrier density as a function of VGS. All experimental
data is found to be in excellent agreement with an
analytical model based on a 2D electron system over
the entire range of VGS. Most strikingly we find that
for our device the values of µFE obtained solely from
the ISD − VGS overestimates those obtained taking into
account the measure C−VGS by more than a factor of ×4.
The sample studied consists of 128◦Y-rotated, d =
0.5mm thick substrate of black lithium niobate
(LiNbO3−x), on top of which a layer of MoS2 has been
deposited by chemical vapour deposition18,19. We use
such samples for investigations of the interaction of sur-
face acoustic waves with MoS2, as described in ref.19.
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FIG. 1. (Color online) Measured source-drain current as func-
tion of the applied gate voltage for a set of source-drain volt-
ages VSD tuned from −0.4V (violet) to 0.4V (dark red) in
steps of 0.1V. Black lines are tangent fits to the approxi-
mately linear region of the curves. Inset: Schematic of ex-
perimental setup for measuring transport characteristics with
the sample, side view.
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FIG. 2. (Color online) (a) Threshold voltage VTh and (b) the
mobility µFE as a function of VSD. Red symbols are from
linear fits to the linear region of the transport characteristics
shown in Fig. 1. Blue symbols are extracted from the best
fits of (3) to the data in Fig. 1. The error bars represent the
statistical errors of the fit.
The sample was characterized by mapping photolumines-
cence spectroscopy to confirm millimeter-scale growth of
MoS2. FET devices were fabricated using an established
process19: the MoS2 layer has been removed from the
sample surface except of two 0.3mm × 6.43mm stripes.
This A ≈ 3.86mm2 lithographically defined area includes
the regions of highest emission intensity. On top of these
stripes, two finger electrodes (10 nm Ti and 60 nm Au)
with a distance of 6.37 μm serve as source and drain
contacts, contacting the two stripes along their entire
2×0.3mm width. The gate voltage (VGS) was applied on
the sample backside. A schematic of the sample is shown
as inset in Fig. 1. All measurements have been performed
under ambient conditions with the device mounted inside
a sealed metal chip carrier to exclude any influences of
external illumination.
As a first estimate of µFE, we measured the source-
drain current ISD at a fixed source-drain voltage VSD as
a function of VGS, as depicted in Fig. 1. For each VSD,
a weak hysteresis14 is resolved as the VGS was scanned
0 → +40V → −40V → 0V, which is less pronounced
than that reported for a different sample in our previous
work19. The polarity of VGS is chosen such that VGS > 0
corresponds to negative charge on the MoS2 layer. These
characteristics directly confirm the accumulation of neg-
ative charge on the MoS2 layer for VGS > 0. From this
data, we extracted VTh and µFE using Eq. (1) and the
simple parallel-plate capacitor model. The obtained val-
ues VTh and µFE are plotted as a function of VSD as red
symbols in Fig. 2 (a) and (b), respectively. Obviously,
both the obtained values and their statistical errors ex-
hibit significant scatter for the different values of VSD.
These shortcomings arise from the simple parallel-plate
capacitor model and the fact that the VGS-interval, in
which the best fit of Eq. (1) is performed, is chosen by
eye in the conducting region, so that all other data is
neglected. We note, that this device shows similar char-
acteristics as that reported in our previous work19. In
particular, µFE lies in the same range. In order to im-
prove our method, we directly quantify the capacitance
between one contact and the back gate as a function of
VGS. VGS is applied as a DC offset gate voltage to the ca-
pacitance bridge and modulated with a 1 kHz sine wave
by the built-in oscillator. The measured capacitance was
corrected for the capacitance of the wires connecting to
the sample. In Fig. 3 (a), we plot the obtained ca-
pacitance of the sample Csample (symbols) as a function
of VGS. For large negative VGS, Csample saturates at a
constant value of Csample = 2.06 pF. Under these con-
ditions, the MoS2 layer is completely depleted and the
measured Csample corresponds to that of the metal con-
tacts Ccontacts, which is independent of VGS. As VGS
increases, the surrounding MoS2 2D layer is populated
with electrons and the capacitance increases as observed
in the data. Csample(VGS) can be readily described as
an equivalent circuit of Ccontacts connected in parallel
with the VGS-dependent capacitance of the TMD layer
CMoS2(VGS), shown as an inset of Fig. 3 (a). From
CMoS2(VGS) = Csample(VGS) − Ccontacts we can directly
calculate the electron surface density n(VGS) on theMoS2
layer by a discrete integration. The symbols in Fig. 3 (b)
are the result obtained from
n(VGS) = − 1
e ·A ·
∫ VGS
−∞
CMoS2(V
′
GS)dV
′
GS,
with e being the elementary charge. The obtained values
for n(VGS) faithfully reproduce a clear turn-on behavior
and linear increase as expected for a FET.
We proceed by developing an analytical model of the
VGS-dependent electron density n. The equilibrium elec-
tron density can be calculated by integrating the Fermi
distribution function fFD(E) =
(
exp (E−ζ)kBT + 1
)−1
over
3the two-dimensional momenta ~p,
n =
g
A
·
∑
~p
fFD(E(~p)) =
2pigm∗ · kBT
h2
·ln
[
1 + exp
(
ζ
kBT
)]
,
(2)
where g = 2 · 2 is the spin and valley degeneracy for
MoS2, E(p) = p2/2m∗, m∗ is the electron effective mass,
A the area of the monolayer, and h the Planck constant;
the energy is counted from the conduction band edge in
MoS2. In the presence of a gate voltage the chemical po-
tential ζ in (2) should be modified as ζ → ζ + δζ(VGS),
where δζ(VGS) is the shift of ζ in MoS2 due to VGS.
We assume that δζ(VGS) is proportional to VGS, i.e.,
δζ(VGS) = α · e ·VGS and use the following function to fit
our experimental data
f(VGS) = a · b · ln
[
1 + exp
(
VGS − VTh
b
)]
, (3)
with VTh being a threshold voltage. The result of the best
fit of this function to the n derived from the measured
capacitance is plotted as the solid line in Fig. 2(b) and
shows that this analytical function perfectly follows the
experimental data over the entire range of VGS.
The values of the parameters a and b extracted from
the fit are a = 2.73 · 108V−1cm−2 and b = 10.8V. Since
kBT/e ≈ 26mV we get from b the value of α ≈ 2.4 ·10−3.
Such a small value of α = δζ(VGS)/eVGS suggests that
the position of the electrochemical potential in theMoS2–
metal contacts system is essentially determined by the
contacts, where the density of states is substantially
larger than in MoS2. Indeed, in equilibrium (without
gate voltage) a small Schottky barrier, . 0.1 eV, is typi-
cally built up at the metal–TMD interface? . Under these
conditions, a certain amount of electrons flow into MoS2
from the contacts, so that the density n is inhomogeneous
and larger in the near-contact areas than in the areas far-
ther away. A positive VGS increases the electron density
in the top metal contact. The additional electrons ac-
cumulate at the bottom of the contact in a layer with
a thickness corresponding to the Thomas-Fermi screen-
ing length, what leads to a small increase of the electro-
chemical potential δζ(VGS) in the MoS2–metal contacts
system. Due to the high density of states in the metal,
δζ(VGS) is much smaller than e ·UG, which yields α 1.
Due to the growth of ζ(VGS), more electrons flow into
MoS2 and larger areas of the 2D semiconductor become
well-conducting. This basic physical picture qualitatively
agrees with our results.
Comparing the equations (2) and (3), one can see
that a = 2pigm∗ · eα/h2. Using α extracted from b
and m∗ ≈ 0.45 ·me, 0? , one gets a ≈ 9 · 1011V−1cm−2.
In order to explain the deviation from the fit value,
a more accurate model is necessary, which takes into
account the concrete contact geometry and coordinate
dependence.
An analytical expression for the capacitance can be
directly obtained by taking the derivative of Eq.(3). We
-40 -20 0 20 40 60
1.5
2.0
2.5
3.0
3.5
4.0
 Data
 Fit of dn/dVGS
 
 
C
M
oS
2 (
pF
)
VGS (V)
-40 -20 0 20 40 60
0
2
4
6
8
10  n derived from C(VGS)
 Fit of 2DES model
 
 
n 
(1
09
 c
m
-2
)
VGS (V)
Ccontacts
CMoS2(VGS)
Csample
(a) (b)
FIG. 3. (Color online) (a) Measured capacitance (symbols)
of the sample as a function of the gate voltage, the error bars
represent the statistical error and result of best fit of func-
tion (4) to the data (solid lines). Inset: Equivalent circuit.
(b) Electron density (symbols) obtained from the measured
capacitance shifted by the constant offset and best fit by func-
tion (3) to the data (solid line).
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FIG. 4. (Color online) (a) Best fits (solid lines) of function
in (3) to measured ISD(VGS) characteristics of Fig. 1 (grey
symbols). (b) Field effect mobility µFE as a function of VGS
as obtained from the measured (symbols) and fitted (lines)
ISD(VGS) and fitted C(VGS) data for different values of VSD.
obtain
C(VGS) = (C∞ − Ccontacts) · 1
exp
(
VTh−VGS
b
) + Ccontacts,
(4)
with C∞ being the maximum capacitance for VGS →∞.
The result of the best fit of Eq. (4) to the measured
capacitance is shown as a solid line in Fig. 3 (a) which
again faithfully reproduces the experimental data points.
In the next step, we assume that µFE is independent
of VGS. Thus, in the Drude model, ISD(VGS) ∝ n(VGS)
can be fitted using Eq. (3). The results of such best
fits for all measured ISD(VGS) are plotted as solid lines
in Fig. 4 (a). Again, the fitted function faithfully re-
produces the experimental data, underlining further the
2DES nature of the conducting channel. Furthermore,
these obtained fit functions allow to determine VTh(VSD)
and µFE(VSD), using Eq. (1) with ∂ISD/∂VGS = a as
the slope at large VGS, with higher precision. The ex-
tracted values for VTh(VSD) and µFE(VSD) are plotted as
4blue symbols in Fig. 2 (a) and (b), respectively. Clearly,
the scatter of the values derived from the fit results is
dramatically reduced. We obtain 〈VTh〉 = (17.0± 0.2)V,
which is almost constant over the entire range of VSD.
In contrast, µFE(VSD) exhibits a clear trend to signifi-
cantly decrease for increasing VSD. The negative slope
of the VSD-dependence of the mobility has its reason in
predominantly in hysteresis and drifts of the electrical
characteristics. Both effects are commonly observed in
such devices14,20.
Finally, we turn to carrier mobility and its dependence
on the gate voltage, µFE(VGS). In the Drude model
the conductivity is given by σ = e · n · µFE. Thus, the
mobility given by µFE(VGS) = σ(VGS)/(e · n(VGS)) can
be calculated only from measured data: σ(VGS) can be
derived from the ISD(VGS) characteristics [Figs. 1 and
4 (a)] and n(VGS) from the CMoS2(VGS) data [cf. Fig.
4 (b)]. We note that this analysis can be performed for
our data only for VGS & 0V. For negative VGS both
σ and n vanish and any obtained value of µFE ∼ σ/n
exhibits a large error. In Fig. 2 (b) we plot µFE(VGS)
obtained directly from the measured (symbols) and
the fitted (lines) ISD(VGS) characteristics for different
values of VSD for VGS > 0V. Remarkably, the absolute
value of µFE shown in Fig. 4 (b), which we obtained by
including measured, realistic capacitance (and thereby
n) data is significantly lower than that obtained from
the basic parallel-plate capacitor model [cf. Fig. 2 (b)].
It ranges between µFE(VGS) ∼ 4 − 10 cm2V−1s−1 and
shows a pronounced increase with increasing VGS (in
addition to its global reduction as VSD reduces [cf. Fig.
2 (b)]). For 0 < VGS < VTh, µFE rapidly increases as
the injected electrons screen scattering centers in the
channel. Such behavior is well established and has been
observed for 2DES in established III-V semiconductor
heterostructures21,22. For VGS > VTh this trend weakens
and µFE saturates. This saturation behavior can be
readily understood considering that as the chemical
potential ζ is fully shifted into the conduction band. For
large positive VGS the chemical potential lies well above
the random potential modulation induced by scattering
centers. Thus, any further increase of ζ (i.e. n) does not
lead to improved screening and, thus increased µFE.
In summary, we demonstrated that combined electrical
transport (ISD − VGS) and capacitance (C − VGS) spec-
troscopy allows to determine the field-effect mobility µFE
and threshold voltage VTh of a TMD based FET with
significantly higher precision than the commonly applied
basic parallel-plate capacitor model. We performed a
three step analysis on model data of a MoS2-LiNbO3
FET device starting with the basic parallel-plate ca-
pacitor model. For our device the VGS-dependent ISD,
n and C are in excellent agreement with an analytical
model of an ideal 2DES over the entire range of VGS.
This is in strong contrast to the basic parallel-plate
capacitor model in which only data in a small, subjec-
tively chosen interval of the ISD − VGS-characteristics is
considered. The statistical errors of µFE and VTh can
be significantly reduced by fitting and evaluating the
ISD − VGS-characteristics using our 2DES model as now
the full data range is included. Finally, by including
the full C − VGS-characteristics and the derived carrier
density n we are able to obtain the VGS-dependent µFE.
For our device we nicely observe a pronounced increase
of µFE at VTh due to onset of efficient electrostatic
screening. Most strikingly, the absolute value of µFE
obtained this way is significantly lower than that
obtained from the basic parallel-plate capacitor model.
Our full method is especially important for back-gated
2D material-based FETs. For such devices, the distance
between the 2D carrier system and the gate electrode
is large compared to the lateral dimensions of typical
flakes. It enables (i) direct confirmation of 2DES-like
character of the FET operation, and derive (ii) more
accurate, realistic and (iii) VGS-dependent values µFE.
Moreover, it does not require a magnetic field as the
mobility determination via Hall effect, thus making
it suitable for setups without magnets and for sam-
ples with low mobilities, for which the Hall angle is small.
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